Little is known about the proteins that mediate mechanoelectrical transduction, the process by which acoustic and accelerational stimuli are transformed by hair cells of the inner ear into electrical signals. In our search for molecules involved in mechanotransduction, we discovered a line of deaf and uncoordinated zebrafish with defective hair-cell function. The hair cells of mutant larvae fail to incorporate fluorophores that normally traverse the transduction channels and their ears lack microphonic potentials in response to vibratory stimuli. Hair cells in the posterior lateral lines of mutants contain numerous lysosomes and have short, disordered hair bundles. Their stereocilia lack two components of the transduction apparatus, tip links and insertional plaques. Positional cloning revealed an early frameshift mutation in tmie, the zebrafish ortholog of the mammalian gene transmembrane inner ear. The mutant line therefore affords us an opportunity to investigate the role of the corresponding protein in mechanoelectrical transduction.
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auditory system ͉ hair cell ͉ lateral line ͉ mechanoelectrical transduction ͉ vestibular system T he vertebrate inner ear is a complex organ that houses the delicate mechanoreceptors for hearing and balance known as hair cells. Situated at the apical surface of each hair cell is an array of height-ordered stereocilia called the hair bundle. This mechanically sensitive organelle responds in a directiondependent manner to displacements caused by sound and acceleration (1) . Deflection of the hair bundle toward its tall edge increases the open probability of transduction channels residing at the stereociliary tips, allowing a depolarizing inward current of cations from the surrounding endolymph. Bundle movement in the opposite direction has the opposite effect, hyperpolarizing the hair cell. The conversion of acoustic and accelerational stimuli into electrical signals that are transmitted to the auditory nerve and subsequently to the brain is known as mechanoelectrical transduction.
Although we have a basic understanding of the biophysical and electrophysiological events that initiate hearing, we know much less about the molecules involved. The difficulty in identifying these components stems from the paucity of sensory tissue in the inner ear, which frustrates biochemical purification and traditional molecular-biological assays. Genetic investigation has therefore largely replaced these approaches as the preferred strategy for identifying proteins important in hearing (2) .
The zebrafish has proven useful for this purpose (3). The internal ear of the zebrafish, which is anatomically and functionally similar to those of other vertebrates (4), undergoes rapid development and is readily accessible for observation and manipulation owing to its optical transparency. The zebrafish possesses an additional feature useful for hair-cell investigations, the lateral-line system. This apparatus, which comprises a series of hair-cell clusters termed neuromasts distributed over the body surface, is used for the detection of water movements, for schooling, and for the detection of prey and predators (5) . Genetic investigations of zebrafish with abnormal hearing and vestibular dysfunction have identified several proteins whose absence impairs the development or operation of hair cellcontaining organs (6) (7) (8) (9) . In the present study, we report the results of an investigation of a mutant with extreme deficits of both auditory and vestibular transduction.
Results
Characteristics of Mutant Larvae. While examining Tg(Hsp70:eGFP) larvae (10), we noticed that approximately one-quarter failed to startle in response to acoustic stimuli. Because the animals reacted to gentle touch with C-start avoidance behavior (11) , the lack of acoustic responsiveness was not the result of an inability to initiate movement. Although some mutants failed to inflate their swim bladders, others did so but floated on their sides at the water's surface, apparently incapable of orienting themselves upright when not swimming. Motility was uncoordinated, often with rapid circling and spiraling motions. Mutants could nevertheless survive to adulthood as homozygotes with persistent vestibular dysfunction.
Hair-Cell Labeling. To determine whether the defect occurred at the level of the sensory hair cells, we immersed living larvae in a solution of either 4-Di-2-ASP (4-(4-(diethylamino)styryl)-Nmethylpyridinium iodide) or FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide). These cationic fluorophores are thought to label hair cells by traversing the mechanosensitive channels, thus providing an index of mechanotransduction (12, 13) . When mutant fish were subjected to this assay, we observed no fluorophore incorporation in the neuromasts of the lateral-line organ despite the unquestionable presence of hair cells, which were labeled by Tg(pou4f3:gap43-mGFP) (14) (Fig. 1 A and B) . The hair cells in the inner ears of mutants also failed to incorporate fluorophore that was pressure-injected into the otic cavity, whereas WT hair cells were robustly labeled by this technique ( Fig. 1 C and D) . potentials are an extracellular manifestation of the transduction currents carried by hair cells in the inner ear (15) . Although WT fish responded with robust microphonic potentials, mutants lacked the typical responses at a frequency twice that of the stimulus (Fig. 1E) . Application of gentamicin, a reversible blocker of mechanotransduction channels, completely abolished the response in WT fish; the drug had no effect on the signal recorded from mutant larvae, confirming that it was a stimulus artifact.
Phenotype. The mutants lack gross morphological or developmental defects of the body and inner ears, displaying two normal-sized otoliths correctly associated with sensory maculae and three cristae of the semicircular canals ( Fig. 2 A and B) . The hair cells themselves appear similar to those in WT siblings in shape, size, and position (Fig. 2C) . Actin staining also showed normal planar cell polarity in mutants (Fig. 2D ).
To rule out other possible causes of the mutant phenotype, we crossed mutant carriers to Tg(cldnB:lynGFP) fish (16) and observed the lateral-line system. The pattern and timing of the migration of the posterior lateral-line primordium, the establishment of the lateral-line neuromasts, and the organization of their supporting cells all appeared normal (Fig. 2 E-I induced cell death (18), we observed normal hair-cell regeneration, including robust phalloidin staining of the stereocilia and normal planar cell polarity ( Mapping and Identification of the Mutation. We next undertook positional cloning to identify the mutation underlying the observed phenotypes. Using linkage analysis of over 2,300 mutant embryos for meiotic recombination, we mapped the affected locus to a genetic interval of 0.1 cM on chromosome 2 flanked by the markers ccdc13 and pthr1 (Fig. 3A) . The critical region was contained entirely in the genomic insert of a fully sequenced bacterial artificial chromosome (BAC) clone, CH211-163F. After examining the critical region of this clone for potential transcripts, we found a single enticing candidate in the zebrafish ortholog of the mammalian transmembrane inner ear (Tmie) gene. This locus had escaped identification in previous zebrafish mutagenic screens for hearing defects but was recently investigated through a morpholino knockdown approach (19) . Sequence analysis of the coding region of the tmie cDNA from mutant fish revealed two changes to the thirteenth triplet codon of the first coding exon, a guanosine-to-adenosine transition and the deletion of a single guanosine (Fig. 3B) . The consequent frameshift results in a premature stop codon 40 bp downstream and a truncated protein of only 25 aa. The mutant allele is registered at ZFIN as tmie ru1000 .
We performed RACE to confirm the full-length sequence and discovered a methionine codon 27 bp upstream of the previously identified translation start site (19) . Incorporating this putative start site, the zebrafish tmie gene has an ORF of 693 bp comprising four coding exons that span Ϸ30 kb of genomic DNA and shows strong similarity to the mouse and human genes in the structure of exon-intron boundaries (Fig. 3C) . Although slightly larger, the zebrafish protein shares several features with its mammalian counterpart in topology and amino acid composition. Sequence analysis (http://bp.nuap.nagoya-u.ac.jp/sosui; 20) of the zebrafish Tmie protein predicts that it contains near its amino terminus two hydrophobic ␣-helices, the first of which likely serves as a signal peptide. If this initial hydrophobic region is cleaved, Tmie is expected to be anchored in the membrane through its second hydrophobic domain and to comprise a short extracellular or luminal segment near its amino terminus and a longer, charged cytoplasmic region at its carboxyl terminus (Fig. 3D) .
The products of our RACE included a second, shorter tmie transcript that reflects the use of an alternative exon 4 that lies closer to exon 3 in the genome (Fig. 3C) . The resultant protein lacks the lysine-rich carboxyl terminus but contains the other conserved regions (Fig. 3E) . Unless otherwise noted, the subsequent comments about the zebrafish tmie gene and corresponding protein refer to the longer forms.
Confirmation of the Mutation. To confirm that the mutant phenotype results from the identified mutation in tmie, we microinjected RNA encoding the WT zebrafish protein into the offspring of mutant carriers and assayed rescue by 4-Di-2-ASP labeling at 4 days postfertilization (dpf). Of 40 injected embryos, three genotyped mutants were partially rescued, showing clear labeling of several neuromasts in the posterior lateral line (Fig.  4 A-C) . RNA coding for the short isoform of Tmie failed to rescue mutants (results not shown).
In the converse experiment, we injected WT embryos with an antisense morpholino designed to block normal splicing of the premRNA (Fig. 4 D and E) . Delivery of 0.5 ng of morpholino per embryo resulted in 46% survival with consistently diminished or absent labeling of lateral-line neuromasts, although the degree of reduced labeling varied slightly between larvae. Confirming the efficacy of the morpholino by RT-PCR, we observed various aberrant splice products in both the major tmie transcript and its alternatively spliced form in injected fish (Fig. 4F) . Sequence analysis of the amplicons revealed exon skipping and usage of cryptic splice sites in morphant fish.
Expression Dynamics. To investigate the time course of tmie expression, we performed qRT-PCR (quantitative real-time PCR) on pools of embryos at different stages of development over the interval 24-120 hours postfertilization (hpf). Our results indicated a prominent peak of expression at 38 hpf, which represented a 390-fold increase in expression relative to the level The predicted amino acid sequence suggests a single-pass transmembrane protein after the cleavage of a signal peptide near the amino terminus (arrowhead). C, cytoplasmic surface; E, extracellular surface; M, membrane. (E) An alignment of protein sequences of Tmie from the zebrafish, mouse, and human depicts completely conserved residues in green and those identical in three instances in yellow.
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at 24 hpf. The second highest level of expression, which was 78-fold as great as the level at 24 hpf, was observed at 32 hpf. Expression dropped abruptly by 45 hpf and remained low at least through 120 hpf (Fig. 4G) .
Hair-Cell Morphology. Hair bundles gradually degenerate in spinner and circling mice, which carry mutations of the Tmie gene (21, 22) . To determine whether the absence of microphonic potentials in mutant zebrafish and the inability of fluorophores to enter their hair cells is associated with a structural abnormality of the hair bundles, we performed scanning and transmission electron microscopy on hair cells in the posterior lateral lines of mutants.
Scanning electron microscopy at 6-7 dpf detected several pathological changes in the neuromasts of mutants with respect to those of wild-type animals, including fewer and shorter kinocilia and a reduced number of stereocilia (Fig. 5 A and B) . In addition, the pair of semilunar periderm cells surrounding each neuromast were often distorted. These abnormalities persisted in the neuromasts of 4-month-old homozygotes.
The neuromasts of mutant larvae appeared grossly normal at the level of transmission electron microscopy ( Fig. 5 C and D) . Mutant hair cells displayed afferent synapses with vesicletethered ribbons and apposing postsynaptic densities as well as efferent endings. Numerous large lysosomes occurred in both hair and supporting cells. The hair bundles were significantly perturbed in all four neuromasts examined. The stereocilia of WT larvae exhibited tapering at their bases and a slight swelling at their tips; many displayed insertional plaques, and some had tip links (Fig. 5E) . With no correction for shrinkage during histological preparation, the average diameter near the middle of 10 stereociliary shafts was 142 Ϯ 20 nm (mean Ϯ standard deviation). In mutant larvae, by contrast, the stereocilia lacked both insertional plaques and tip links (Fig. 5F ). Ten of these stereocilia averaged only 87 Ϯ 22 nm in diameter.
Discussion
The mutant phenotype in zebrafish accords with the startle and balance deficits in spinner and circling mice and with the profound deafness in humans affected at the DFNB6 locus (23) . Despite its obvious importance in auditory and vestibular function, the role of Tmie in mechanoelectrical transduction remains a mystery. Our results with mutant zebrafish indicate that a problem exists at the level of hair cells, in which severe impairments in activity were detected by electrical recordings and the absence of fluorophore uptake. In contrast to a recent study of Tmie in zebrafish using morpholino knockdown (19), we did not observe in mutant zebrafish smaller eyes or inner ears, abnormalities in semicircular-canal development, disturbances in otolith formation, delayed lateral-line patterning, or an obvious reduction in the number of phalloidin-positive hair cells. These phenotypic consequences might have represented nonspecific effects associated with morpholino injections, which we also observed at high concentrations.
Tmie bears little resemblance to any proteins of known function. A yeast-two hybrid analysis identified the protein inhibitor of activated STAT3 (PIAS3) as a potential binding partner, but our attempts to verify the interaction through pull-down assays and coimmunoprecipitation were unsuccessful. Although hair-cell activity in the mutants is compromised, it is unclear whether tmie is expressed in hair cells or in the adjacent supporting cells. Our efforts to localize the protein through in situ hybridization and immunohistochemistry were unsuccessful, probably owing to the low level of expression. This low expression accords with our qRT-PCR results, which revealed that transcript levels in the whole animal peak briefly early in development but then plummet. Although the brief surge in expression might shed light on the function of Tmie, the time at which expression peaks coincides with no known developmental milestone and is therefore uninformative at present.
We obtained signals from immunolabeling of zebrafish only when Tmie was overexpressed as an eGFP fusion protein.
Consistent with predictions of a transmembrane domain in Tmie, labeling was associated with the plasma membrane. It is likely that the putatively cytoplasmic region of Tmie is essential to its function. Human mutations that disrupt arginine residues there lead to profound hearing loss (23, 24) . This highly charged E region could serve, for example, as a site of interaction with other proteins that have a direct role in mechanotransduction.
The mutant's deficiencies in microphonic responsiveness and fluorophore uptake point to a problem with the mechanoelectrical-transduction apparatus. Such a defect seems still more likely in view of the electron-microscopic study, which revealed that the stereocilia of mutants appear immature and lack both tip links and the insertional plaques at their upper ends. The deficiency in transduction might result from the presence of immature hair cells, perhaps because older cells degenerate. The defect might alternatively reflect the mislocalization, misassembly, or absence of the mechanotransduction machinery. In its extensive content of basic residues, Tmie resembles CALF-1, a protein of Caenorhabditis thought to constitute a subunit of or the chaperone for a voltage-gated Ca 2ϩ channel (25) . It is possible that Tmie serves a similar function for the hair cell's mechanosensitive channel or for another essential component of the transduction apparatus.
Materials and Methods
Zebrafish Husbandry and Discovery of the Mutants. Adult zebrafish were maintained and bred according to standard protocols (26) .
Fluorophore Labeling of Hair Cells and Electrical Recordings.
To label lateralline neuromasts, we immersed larvae for 1-2 min in a solution of 200 M 4-Di-2-ASP or 3 M FM4 -64 (Invitrogen) in breeding water at room temperature, then in several changes of fluorophore-free water. Labeled fish were imaged under epifluorescence illumination with a 5ϫ or 10ϫ objective lens and a charge-coupled-device camera (DP-71, Olympus).
To label hair cells of the inner ear, we used microelectrodes to pressureinject fluorophores in 120 mM KCl into the otic cavities of larvae immobilized in 1.2% agar.
Microphonic potentials were measured from the otic vesicles of zebrafish larvae at 5-6 dpf as described (9) except that the recording pipette contained 120 mM KCl and the stimulator provided 200-Hz sinusoidal displacements of Ϯ2 m.
Hair-Cell Regeneration and Phalloidin Staining. Live 5-dpf WT and mutant Et(krt4:GFP) sqet4 larvae were immersed in 5 M CuSO4 in E3 medium (18) for 1 h at 28.5°C and then rinsed twice briefly in E3 medium. After confirming essentially complete hair-cell death in the lateral line by fluorescence microscopy, we allowed treated animals to recover in E3 medium at 28.5°C. Hair-cell regeneration was examined 50 h later by confocal microscopy, after which the animals were fixed for staining. Filamentous actin was stained by phalloidin as described (6) .
Positional Cloning and Identification of the Mutation. A map cross was performed by mating adult mutant carriers to WT animals obtained from a pet store. After the progeny had been raised and inbred, their offspring were screened for the mutant phenotype by behavior or fluorophore labeling. Bulked segregant analysis (27) with a set of 214 microsatellite markers was performed on the genomic DNA extracted from pools of 20 larvae to identify chromosomal linkage. For high-resolution mapping, more than 2,300 mutants were analyzed to assess the frequency of meiotic recombination with respect to published microsatellite markers and single-nucleotide polymorphisms that had been identified by genomic DNA sequencing. To generate a physical map, we used markers flanking the critical interval to search the database of sequenced BAC clones (http://www.sanger.ac.uk/Projects/Drerio). The sequence of clone CH211-163F was examined for candidate transcripts with BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The cDNA and genomic se- quences of tmie obtained from WT and mutant animals were then compared to reveal the mutation.
RACE.
Total RNA extracted from 5-dpf larvae was used for synthesis of adaptortagged cDNA (SMART, Clontech). RACE PCR was performed according to the manufacturer's protocol with gene-specific primers targeting exon 1 (for 5Ј RACE) or exon 3 (for 3Ј RACE).
Microinjection. Pressure-injection (PLI-100, Warner Instruments) was performed on one-cell-stage embryos using solutions in nuclease-free water. For rescue experiments, embryos were injected with 100 pg of capped RNA synthesized (mMESSAGE mMACHINE, Ambion) to accord with the coding region of zebrafish tmie. For phenocopy experiments, embryos received 500 pg of a morpholino (5Ј-GCAATTACACTTGCAGAAACTTACT-3Ј) designed to block the splice junction between exon 2 and intron 2 in the premRNA of both the long and short transcripts. We assessed the extent of 4-Di-2-ASP labeling in injected larvae at 4 dpf.
Electron Microscopy. For transmission electron microscopy, 6-dpf and 9-dpf mutant and WT larvae were prepared as described (28) . For scanning electron microscopy, 6-dpf and young adult mutant and WT fish were processed as described (9) except that the specimens were coated with gold palladium before examination at an accelerating voltage of 5 kV in a scanning electron microscope (1550, LEO Electron Microscopy) with a 30-m aperture.
qRT-PCR. Total RNA was extracted from pools of 10 embryos (TRIzol, Invitrogen) for synthesis of random-hexamer-primed cDNA (Applied Biosystems).
qRT-PCR was performed (ABI Prism 7700, Applied Biosystems) with a melting temperature of 59°C. Three pools of embryos were processed for each experimental time point, with each reaction run in triplicate.
To measure relative quantification of transcripts, we used the standardcurve method (Applied Biosystems Prism SDS 7700 User Bulletin 2). For each primer set, we used serial dilutions of cDNA to generate a calibration curve that then allowed extrapolation of relative expression levels of tmie at different times. These values were first normalized to amplification of rpl13 alpha (29) , an endogenous control. We finally expressed values as multiples of those obtained from 24-hpf samples, which showed the lowest level of expression.
The GenBank accession number for the long splice isoform of tmie is GQ389648 and that for the short isoform is GQ389649.
